GA-signalling mutants of Arabidopsis, have provided insights into the mechanisms of GA action (Swain and The gibberellins (GAs) are endogenous regulators of Olszewski, 1996; Harberd et al., 1998; Ogas, 1998). plant growth. Experiments are described here that test However, the effects of GA on growth and development the hypothesis that GA regulates hypocotyl growth by have not been studied in Arabidopsis to the same extent altering the extent of hypocotyl cell elongation. These as have GA-responses in other species. experiments use GA-deficient and altered GA-resIn this paper detailed investigations of the role played ponse mutants of Arabidopsis thaliana (L.) Heyhn. It is by GA in the regulation of Arabidopsis hypocotyl growth shown that GA regulates elongation, in both light-and are described. Arabidopsis hypocotyl elongation is often dark-grown hypocotyls, by influencing the rate and used as a model for the genetic analysis of signalling final extent of cellular elongation. However, light-and pathways, such as those for light and ethylene ( Whitelam dark-grown hypocotyls exhibit markedly different GA and Harberd, 1994; Ecker, 1995; von Arnim and Deng, dose-response relationships. The length of dark-grown 1996). Thus an improved understanding of the GAhypocotyls is relatively unaffected by exogenous GA, regulation of hypocotyl growth will add to the emerging whilst light-grown hypocotyl length is significantly picture of how plant growth is regulated via a complex increased by exogenous GA. Further analysis suggests network of internal and external factors. that GA control of hypocotyl length is close to satura-
Introduction
The experiments described here compare post-emergent hypocotyl elongation in wild-type ( WT ) Arabidopsis with Gibberellins (GAs) are a family of terpenoid compounds that of the ga1-3 and gai mutants. ga1-3 mutants are which regulate many aspects of the growth and developseverely GA-deficient, and ga1-3 plants are consequently ment of plants, including stem elongation, flowering and dwarf and dark-green ( Koornneef and van der Veen, germination (Hooley, 1994) . Although much is known 1980; Sun et al., 1992; Zeevaart and Talon, 1992) . A WT about the biosynthesis (Hedden and Kamiya, 1997) and phenotype is obtained when the ga1-3 mutant is grown the characteristic effects of GAs (Hooley, 1994) , there is in the presence of exogenous GA. GA1 encodes an enzyme little molecular information on the mode of action of this class of plant hormones. Genetic approaches, using involved in an early step of GA biosynthesis: the scope, onto Kodak Technical Pan film, noting the magnification.
formation of copalyl diphosphate (Sun and Kamiya, Photographs of a 1 mm scale were also taken at the various 1994; Hedden and Kamiya, 1997) . By contrast, gai, which magnifications used. Hypocotyl lengths were measured from is also dwarfed and dark-green, exhibits reduced negatives and actual lengths calculated by comparison with the GA-responses, and is not GA-deficient ( Koornneef et al., 1 mm scale at the same magnification. The mean hypocotyl length and the standard error (SE) of the mean for each sample 1985; Talon et al., 1990; Wilson and Somerville, 1995) .
was calculated and scaled down accordingly. Dark-grown In fact, gai contains more active GA than WT ( Talon hypocotyls were measured (10 seedlings per treatment), to the et al ., 1990; Peng et al., 1999) . The product of the ( WT ) nearest 0.5 mm, from the collet to the apical hook, using a ruler.
GAI gene is thus thought to be involved in the transduction of the GA signal (Peng and Harberd, 1993; Peng Chemicals et al., 1997) , and probably acts in concert with the GA 4 and paclobutrazol (PAC ) were obtained and used exactly related RGA gene product as a negative regulator of as described previously (Cowling et al., 1998) .
GA-responses (Peng et al., 1997; Harberd et al., 1998; Silverstone et al., 1998) .
Microscopy and cell counting
In these experiments, the cells of WT, ga1-3 and gai tions. The embedded samples were sectioned (2 mm thickness) using a Reichart-Jung Ultracut microtome with a glass knife. Sections were stained with 0.5% toluidine blue, 0.5% borax and photographed under bright-field on Kodak Ektachrome film.
Materials and methods

Light-grown (4-d or 7-d-old ) seedlings were mounted in Plant material
TissueTek embedding medium (Miles Inc., Indiana, USA) on a stub and frozen directly in the cooled pre-chamber of the CAM Arabidopsis thaliana of the Landsberg erecta laboratory strain Scan SEM (MKIV ) Series 4 (Cambridge Scanning Co., Ltd.). was used as wild type ( WT ) throughout. ga1-3 (recessive) and
The sample was sputter-coated with gold for 4 min and then gai (semi-dominant) mutants ( Koornneef and van der Veen, viewed. Scanning electronmicrograph (SEM ) images were 1980; Koornneef et al., 1985) are derived from Landsberg exposed on Ilford FP4 Plus 125 film. The number of cells in erecta. ga1-3 has a 5 kb deletion which extends over the GA1 hypocotyl cell files, which corresponded to non-hair cell locus, creating a null allele (Sun et al., 1992; Sun and Kamiya, (atrichoblast) files in the root (Dolan et al., 1993) , were counted 1994). From now on in this text ga1-3 will be referred to as using the same criteria as above for the hypocotyl boundaries. ga1. All seeds were generated from laboratory stock lines. Seeds were sterilized and plated on germination medium (GM ) as described previously (Ezura and Harberd, 1995; Cowling et al., 1998) . ga1 mutant seeds do not germinate unless provided with
Results
GAs. In order to initiate and synchronize germination ga1 seeds Exogenous GA increases the rate and final extent of were chilled at 4°C for 5 d in 10−6 M GA 4 solution. WT and gai seeds were also treated in this way as a control, although hypocotyl elongation of WT and ga1 but not gai seedlings occurs during the first 5 d. ga1 hypocotyls respond to When exogenous GAs are present, there is no dramatic exogenous GA 4 , and the shape of the ga1 curve (in the change in the growth of dark-grown WT hypocotyls. ga1 presence of exogenous GA 4 ) is similar to that of WT hypocotyls have the same growth kinetics as WT when grown in the presence of GA 4 . This confirms that the supplemented with GA, showing that GAs are required phenotype of the ga1 mutant can be corrected by exogenfor normal hypocotyl elongation in darkness. gai mutant ous GA at the seedling stage. However, the curve is seedlings show no increase in the rate and extent of shifted by about 1 d along the horizontal axis (possibly hypocotyl elongation in response to supplementary because the exogenous GA required for ga1 to germinate GA, indicating that the gai mutation affects hypocotyl is slower in eliciting the germination response than the elongation in both light and darkness. endogenous GAs in WT ). The maximum length achieved It is evident from these experiments that the final by GA-treated ga1 hypocotyls is about~5 mm. This hypocotyl length is related to the availability of, and the represents an approximate 10-fold induction of hypocotyl responsiveness to, GAs in the first few days after germinaelongation by GAs in the ga1 mutant with respect to tion. In subsequent experiments described in this paper, untreated ga1. There is no effect of exogenous GA on the hypocotyls were measured after 7 d, as at this time the extent or rate of elongation of gai hypocotyls, consistent maximum length is reached. with the idea that gai is affected in multiple GA-responses ( Wilson and Somerville, 1995) .
The ga1 and gai mutations reduce hypocotyl cell length In the absence of exogenous GA, WT hypocotyls grow Scanning electron microscopy (SEM ) was used to visualto a greater final length in the dark (~12 mm) than they ize the epidermal cell wall surface of hypocotyls. The do in the light (~3 mm), due to the etiolation response number of cells along single cell files of hypocotyls (the (Fig. 1) . Maximum hypocotyl length is attained after 7 d equivalent of non-hair-cell (atrichoblast) files in the root; of growth in the dark. Dark-grown ga1 hypocotyls (in Dolan et al., 1993) were counted. Samples from 4-d-old the absence of exogenous GA) initially elongate at WT, ga1 and gai were compared ( Table 1) . In seedlings approximately the same rate as WT (days 2-4), and reach of each genotype, 13-14 cells make up the length of a a maximum length of~6 mm after 4 d ( Fig. 1) . gai hypocotyl cell file (Silverstone et al., 1997) . It was not hypocotyls begin to elongate at the same rate as ga1 possible to count the hypocotyl cells of dark-grown hypocotyls and reach a maximum of~8.5 mm, which is hypocotyls in this manner due to a spiralling of the cell intermediate between the maximum hypocotyl lengths of WT and ga1 (Fig. 1) .
files and the limiting field of view of the SEM. WT in at least four cell layers: the epidermis, the outer gai 13.8±0.4 5 (2) and inner cortex and the endodermis (data not shown).
For dark-grown hypocotyls, epidermal cell lengths of ga1 are approximately half those of WT ( Fig. 2B) , as expected SEM of mid-portions of both light-grown and darkif the same number of cells are responsible for the grown hypocotyls of WT and ga1 are shown in Fig. 2A , observed differences in total hypocotyl length ( Fig. 1) . B. There is an obvious effect of GA-deficiency on epiDark-grown ga1 hypocotyl epidermal cells can be stimudermal cell length. In light-grown seedlings, ga1 mutant lated to grow as long as those of WT when exogenous hypocotyl cells are approximately a quarter of the length GA is supplied. In summary, the observations in this of WT cells (Fig. 2A) . Treatment of light-grown ga1 section show that the effects of GA on hypocotyl growth hypocotyls with exogenous GA restores cellular elongaare primarily due to stimulation of elongation of the tion ( Fig. 2A) . The overall difference in WT and ga1
embryonically-derived cells of the hypocotyl. hypocotyl length (in the absence of exogenous GA;
Paclobutrazol reduces hypocotyl length
The role of GAs in regulating hypocotyl elongation was further investigated using the GA biosynthesis inhibitor, paclobutrazol (PAC ). PAC inhibits the ent-kaurene oxidation reactions of GA biosynthesis (Rademacher, 1990) . The dwarfing effect of PAC can be reversed by GA application (Cowling et al., 1998) . The use of PAC thus enables the assessment of the effects of endogenouslyproduced GAs on hypocotyl elongation.
WT, ga1 and gai seedlings were grown on media containing a range of concentrations of PAC. The effects of these treatments on hypocotyl length (after 7 d) in light or darkness was determined ( Fig. 3) . As expected, progressive increases in PAC concentration are associated with progressive reductions in hypocotyl length. In both light and darkness (in the absence of PAC ) WT hypocotyls are longer than gai hypocotyls, which are longer than ga1 hypocotyls. As the PAC concentration increases, hypocotyl lengths converge, such that at higher PAC concentrations, the hypocotyl lengths of all three genotypes are not significantly different. This indicates that GA biosynthesis is essential to hypocotyl elongation in both light and darkness.
It is noticeable that concentrations of PAC above 0.1 mM can reduce the length of dark-grown ga1 hypocotyls. ga1 is not completely GA-deficient (Zeevaart and Talon, 1992) . It might be that the dark-growth of ga1 hypocotyls is a response to these endogenously-produced GAs rather than being due to GA-independent growth hypocotyl elongation in darkness (minimum~1.5 mm at hypocotyl length, suggesting that at these higher concentrations GA inhibits hypocotyl elongation (data not shown; see also Silverstone et al., 1997) . ga1 hypocotyls respond to exogenous GA at concentrations as low as similar curve to that of WT. This confirms that GAs are required for hypocotyl elongation in light and that the maximum PAC dose) is not reduced to the same extent GA response is not saturated in light-grown hypocotyls. as in light (0.5 mm; Fig. 3A, B) . It is possible, although These data also show that hypocotyl elongation is a GAs are required for normal hypocotyl elongation in GA-dose-dependent process over three orders of magniboth light and darkness, that there are differences in tude of exogenous GA 4 concentration. skoto-and photomorphogenic growth which are not As previously observed, WT hypocotyls elongate markdetermined by GA action. edly in darkness, exhibiting up to four times the elongagai is sensitive to PAC, and the lengths of both lighttion of light-grown WT (Fig. 4) . The addition of GA has grown and dark-grown gai hypocotyls are reduced in the little effect on dark-grown WT hypocotyls. The response presence of PAC (Fig. 3A, B) . Thus GAs regulate gai of ga1 to exogenous GA in the dark is more pronounced. mutant hypocotyl elongation, and the gai mutation does Dark-grown ga1 mutant hypocotyls become progressively not confer complete insensitivity to endogenous GAs longer with increasing GA 4 dose. At 50 nM GA 4 , ga1 ( Koornneef et al., 1985; Wilson and Somerville, 1995) .
hypocotyls are restored to WT length (the length of WT hypocotyls in the absence of exogenous GA), when the GA 4 dose-response curves show that light-and dark-grown response also becomes saturated. These results suggest hypocotyl elongation is GA-dose-dependent that in darkness, GAs are required in a dose-dependent manner in the elongation response of hypocotyls and that GA 4 , which is likely to be the most important active GA in Arabidopsis ( Zeevaart and Talon, 1992) , was used to the GA response is normally close to saturation in dark-grown WT hypocotyls. test the effect of GA concentration on elongation of WT and ga1 mutant hypocotyls in darkness and light (Fig. 4) . In light, WT hypocotyls respond to exogenous GA 4 at Discussion around 10 nM, and are almost double (5.5 mm) the control length (2.8 mm) at 1000 nM GA 4 ( Fig. 4) . Higher This paper describes experiments investigating the role of GA in the regulation of hypocotyl elongation in GA concentrations cause a reduction from this maximum Arabidopsis. The cellular basis of hypocotyl elongation in PAC on reactions other than those that are part of the GA biosynthesis pathway (Rademacher, 1990) . WT, a GA-deficient mutant ( ga1), and a GA-response Whilst the ga1 mutant has greatly reduced endogenous mutant ( gai ) was compared. GA-deficient mutants have GA levels (Zeevaart and Talon, 1992) , WT has normal short hypocotyls, and examination by SEM and light and gai has elevated levels of bioactive GA ( Talon et al., microscopy show that this reduced hypocotyl length can 1990; Peng et al., 1999) . Furthermore, the expression of be largely attributed to a reduction in the final length of a number of GA biosynthesis genes is negatively reguindividual hypocotyl cells. gai also confers a short hypolated, in WT plants, by GA, as part of a mechanism for cotyl which, like that of ga1 mutants, is composed of feedback regulation of GA level (Chiang et al., 1995 ; cells which are shorter than those of WT. Thus ga1 Phillips et al., 1995; Xu et al., 1995; Martin et al., 1996 ; mutant hypocotyl cells are shorter than WT cells because Cowling et al., 1998) . This negative feedback regulation they are GA-deficient, and gai mutant cells are shorter appears to be perturbed in the gai mutant ( Xu et al., because they are less responsive to GA. 1995; Peng et al., 1997; Cowling et al., 1998) . Thus the Time-course experiments showed that both the rate GA responses of WT and of gai hypocotyls are due to a and the final extent of hypocotyl elongation is affected combination of exogenous and endogenous GA, and by GA. For example, exposure of light-grown WT hypoendogenous GA levels (in WT plants) are themselves cotyls to 10−6 M GA 4 caused an approximate doubling subject to negative regulation via endogenous and exogenof the rate of elongation and of the final hypocotyl length ous GA. These facts need to be kept in mind when (Fig. 2) . In the light, hypocotyl elongation is highly interpreting the GA dose-reponse curves for WT and gai. sensitive to changes in GA level. An increased GA level A detailed description of the growth of the WT (due to exogenous GA treatment) increases light-grown Arabidopsis hypocotyl has recently been published hypocotyl length, and a decreased GA level (due to ga1 (Gendreau et al., 1997) . These results show that GA or to PAC ) reduces light-grown hypocotyl length.
regulates growth of the post-emergent hypocotyl (a strucGrowth of etiolated tissue can be relatively unaffected ture that is almost fully differentiated before germination) by exogenous GA (Nick and Furuya, 1993) . These experithrough the control of cell elongation. At other stages of ments show that, whilst the length of dark-grown WT plant growth and development, GA exerts effects on both hypocotyls is little affected by exogenous GA (Fig. 4) , cell elongation and cell division. For example, during they become shorter when exposed to increasing conceninternode elongation, GA acts as a cell cycle regulator trations of PAC ( Fig. 3) . This, together with the observa- (Sauter et al., 1995; Daykin et al., 1997) . Here it has tion that dark-grown ga1 hypocotyls are shorter than been shown that GA-mediated increases in hypocotyl dark-grown WT hypocotyls ( Fig. 3) , suggests that darklength are due to elongation of pre-existing cells. GAs grown hypocotyl elongation is significantly affected by a are required for hypocotyl elongation in both light and reduction in GA levels. Perhaps dark-grown hypocotyl darkness, and GA-regulated growth is sensitively elongation is more responsive to GA than is light-grown GA-dose-dependent. Arabidopsis hypocotyl elongation hypocotyl elongation. According to this explanation, links GA action to cell elongation in a relatively simple there is a difference in the GA dose-response relationship tissue, at an early stage of development, in a species in light-grown and dark-grown hypoctyls. Endogenous which is amenable to genetic studies. GA levels are close to saturating for the dark-grown GA-mediated hypocotyl elongation response, but are not
